Suppurative, ulcerative endometritis associated with bovine herpesvirus-4 (BHV-4) infection was identified in 15 postparturient dairy cows from 5 separate dairies. Characteristic eosinophilic to amphophilic intranuclear viral inclusion bodies were identified within degenerate endometrial lining epithelium and endothelial cells. Bovine herpesvirus-4 was confirmed as the etiology by a combination of fluorescent antibody assays, viral isolation, heminested PCR, ultrastructural examination of the uterus and inoculated tissue culture cells, and negative-stain electron microscopy of tissue culture supernatant. Viral particles measuring 70-95 nm were demonstrated in uterine epithelial and endothelial cells by electron microscopy. Bacteria including Arcanobacterium pyogenes, Escherichia coli, and an ␣-Streptococcus isolate were isolated from all uteri. Bovine herpesvirus-4-associated endometritis has been previously reported in sporadic cases in Europe but has not been previously reported in the United States. Endometritis associated with BHV-4 appears to be an emerging syndrome in Georgia dairy herds.
chronic infertility. 6, 27 In contrast, in the United States, only isolated case reports of BHV-4-associated abortion have been published, 23 and epizootics of BHV-4associated postpartum metritis have not been reported. Recently, a large number of cats with BHV-4 viremia and seropositivity were reported from animal shelters in central Michigan. 14 This report describes 15 cases of suppurative, ulcerative endometritis in postparturient cows from 5 dairies in Georgia. The clinical, pathologic, and histologic features of the endometritis are very similar to those reported in Belgian cattle experimentally and naturally infected with a strain of BHV-4. 5, 6, 9, 28 Bovine herpesvirus-4 was implicated as a possible cause or complicating factor in these cases by a combination of BHV-4-positive fluorescent antibody assays, viral isolation, polymerase chain reaction (PCR), and ultrastructural examination of the uterus, infected tissue culture cells, and tissue culture supernatant.
Specimens were derived from animals submitted by veterinary practitioners to the University of Georgia Veterinary Diagnostic and Investigational Laboratory in Tifton, Georgia, over a 16-month period ( Table 1) . Thirteen female Holstein dairy cattle and 2 Jersey cows from 5 separate dairies and with ages ranging from 3 to 6 years were submitted for necropsy. Nine of the Holsteins were from the same dairy. Death occurred at 5-24 days postcalving, and histories included depression, lethargy, and single or repetitive bouts of a ''downer cow'' syndrome. Two of the cows had a history of delivering stillborn calves, but dystocia was not noted and no preterm abortions were reported. All but one cow had received fluid/electrolyte therapy. Retained placentas were reported in 3 of the cases, and 14 cows had been treated for postparturient metritis with antibiotics and/or antiseptic flushes. All cows had been vaccinated for infectious bovine rhinotracheitis (IBR/BHV-1), and antemortem titers for IBR were low (1:8 and 1:16) in the 2 cows for which antemortem blood was available. One of these 2 cows was mildly leukopenic, with a total white blood cell count of 3,400, and the other had a normal leukocyte count. Serum chemistry abnormalities were limited to elevated AST and severely elevated creatinine kinase.
On gross examination of the uterus, severe hyperemia of the mucosa and purulent luminal exudate were consistently found in all cases. Scattered 0.5-3-cm ulcers with variable hemorrhage were often present, and in 6 cows, the uterus was diffusely ulcerated throughout both horns. In 1 case, portions of placenta were still attached to the endometrium. All of the cattle had variable degrees of subcutaneous bruising and pressure myopathy of the musculature associated with recumbency, and the livers were universally pale with rounded margins. Severe pulmonary interlobular (agonal) emphysema was noted in 4 cows. Fluid intestinal contents were noted in 6 cows. Pale areas were observed in the kidneys of 1 cow. One cow had an abomasal impaction comprised of thick layers of sand at the pylorus and duodenal antrum coupled with fluid distention of the rumen and abomasum. One cow also had severe fat necrosis and mineralization of mesenteric adipose tissue. Another cow had embolic pneumonia and abscesses in the lung and right carpal and left tarsal joints.
Tissues, including uterus, were fixed in neutral buffered formalin and embedded in paraffin, and blocks were sectioned at 5 m, stained with HE, and examined microscopically. Paraffin-embedded tissues from the uteruses of 3 cows were also submitted for ultrastructural examination by electron microscopy. Deparaffinized formalin-fixed uterine samples were postfixed in 1% osmium tetroxide in 0.1 M phosphate buffer (pH 7.3) and were epoxy embedded. Ultrathin sections were stained with uranyl acetate and lead citrate. Additional sections of fresh uterus from 6 cases were examined using direct immunofluorescence with fluorescein isothiocyanate conjugated anti-BHV-4 antibodies a and with antibovine adenovirus antibodies in 9 cases. b Uterus was also processed for virus isolation in 14 cases. To identify or rule out the presence of bovine adenoviral strains, serum-virus neutralization tests were performed on viral isolates in microtitration plates as previously described. 15 Briefly, hyperimmune sera prepared in rabbits to the prototype bovine, ovine, and caprine adenovirus species were used to identify the viruses from cases. The reference (prototype viruses) and test viruses were diluted to provide 100 TCID 50 per well and incubated with serial 2-fold dilutions of an equal volume of rabbit antiserum to the prototype ruminant adenoviruses starting at 1:16. Bovine fetal turbinate cells were used for indicator cells.
Viral DNA taken from cell culture supernatant from 5 of the cases was routinely isolated and prepared for PCR using a commercial kit, c and multiple PCR assays using several sets of primers were performed. 2, 7, 14, 19 One of the primer sets utilized a heminested approach and gave much more consistent results with both controls and samples than other previously reported protocols. 14 First-stage amplifications were performed as previously described 14 using 1 g sample of DNA. Cycling conditions were 94 C for 1 minute, followed by 35 cycles of denaturization at 94 C for 1 minute, annealing at 58 C for 2 minutes, and extension at 72 C for 3 minutes. The PCR amplification was performed in a final volume of 50 l of 10 mM Tris pH 8.3 containing 1 U of Taq polymerase, 0.2 mM deoxynucleoside triphosphate, 3 mmol/1 MgCl 2 , 50 mmol/ liter KCI, and 0.5 mol/liter of each primer (P1 and P2). 14 This results in the production of a 153-bp amplicon. One microliter of this product was amplified in a second-stage reaction with primers P2 and P3 using identical conditions and buffer mixture. Primer sequences were (P1: 5Ј-CATGACACACTATTTTAA-GTACTA-3Ј), (P2: 5Ј-ATCTTTCTTTCAGTCTCAC-TGTA-3Ј), and (P3: 5Ј-ATAAATTTGTGAGACAAT-GGGTA-3Ј), delineating a 130-bp product. In addition, PCR was performed using bovine adenovirus-specific primers as previously described. 13 The sequences of these primers were (5Ј-CAGCACGCCGCGGATGTC-AAAGT-3Ј) and (5Ј-GCCGCAGTGGTCTTACAT-GCACATC-3Ј). The PCR products were evaluated by electrophoresis through a 2% agarose gel and were stained with ethidium bromide. Positive controls (strain DN599) and negative controls were included in all runs.
Microscopic endometrial lesions were similar in all cows and included severe multifocal ulceration with mild to severe infiltrates of neutrophils, lymphocytes, macrophages, and plasma cells throughout the superficial endometrium. There were thick mats of fibrin, hemorrhage, necrotic debris, and neutrophils in the lumen adjacent to the ulcers. Granulation tissue was often present subjacent to the ulcerated areas. Inflammation was more often mild in the cows necropsied 3-10 days postpartum and was generally severe with fibrinonecrotic mats of degenerative neutrophils in cows necropsied over 18 days postpartum. The endometrial lining epithelium contained scattered neutrophils and was frequently necrotic; many epithelial cells contained abundant, vacuolated cytoplasm and enlarged clear nuclei with marginated chromatin. Many of the epithelial nuclei contained eosinophilic to amphophilic intranuclear inclusion bodies that filled or nearly filled the nucleus (Fig. 1) . Similar viral inclusion bodies were found in rare endothelial cells in 2 cases. All cattle examined had moderate to severe hepatic lipidosis characterized by diffuse macrovesicular vacuolar change. Metabolic derangements (lipidosis/ ketosis/hypocalcemia) were considered the primary cause of death in 11 of the cases, and 3 cows had been euthanized. Abomasal impaction was the cause of death in 1 case. Mild interstitial nephritis and steatosis were noted in 1 cow each. Moderate to severe multifocal interstitial suppurative pneumonia with vasculitis and (embolic) abscessation was found in 1 cow. The same cow had evidence of sepsis and severe subacute, fibrinosuppurative synovitis and arthritis with intralesional bacteria. No characteristic gross or microscopic lesions compatible with adenoviral infection were found in the intestine, respiratory tract, or kidney in any cases. Bacteriologic culture of the uterus was performed in all cases, and similar organisms were isolated, including Escherichia coli (10 cases), Arcanobacterium (Actinomyces) pyogenes (11 cases), and ␣-Streptococcus (1 case).
Examination of the endometrium in 3 cows by transmission electron microscopy demonstrated scattered icosahedral virions approximately 70-95 nm in diameter within the nuclei of both epithelial and endothelial cells. These cells had enlarged nuclei with marginated heterochromatin and/or highly distorted nucleoli, granular electron-lucent nucleoplasm, and a central, reticulated virogenic stromata (Fig. 2 ). Cytoplasm of infected cells contained several nonenveloped virions, whereas enveloped viral particles were less often observed.
Results of the ancillary diagnostic assays are presented in Table 1 . Fluorescent antibody (FA) staining with anti-BHV-4 antibodies was strongly positive in 10 cases. In 2 cases where assays were negative using anti-BHV-4 antibodies, the uterus was severely ulcerated and little or no intact uterine lining epithelium was present in the samples available for virology. In 3 of 15 cases, both viral isolation and FA were negative or not performed, but the diagnosis was made histologically based on the presence of characteristic (but rare) intranuclear inclusion bodies in intact epithelial cells. The FA assay was weakly positive in 5 of 11 specimens using anti-BAdV subgroup 2 antibodies. Staining was uniformly negative with antibodies specific for BAdV subgroup 1. Positive immunostaining using either anti-BHV-4 or anti-BAdV antibody encompassed nuclei of both epithelial and stromal endothelial cells. The FA assay for BVD was positive in 3 cases localized to intestine and mesenteric lymph node.
A virus with identical characteristics to that detected via ultrastructural direct examination of uterine tissue was isolated from cell culture in 9 cases, and bovine viral diarrhea (BVD) virus was isolated from 1 case. Viral isolation was not attempted for case 2. Negative stain electron microscopy of isolates demonstrated nonenveloped, icosahedral viruses with hollow capsomeres ranging from 75 to 95 nm in diameter. Transmission electron microscopy of cultured monolayers of Madin Darby bovine kidney cells 3 days postinoculation demonstrated virtually 100% infection of cells by virus. Small to moderate numbers of icosahedral, 75-95-nm capsids and nucleocapsids were scattered or clustered throughout the nuclei. Small numbers of similar virus particles with and without envelopes were found in the cytoplasm of many cells. Cultured virus was not neutralized in the serumvirus neutralization assays for bovine adenovirus 1-10. Anti-BAdV-9 antibodies were not available for use in these serologic assays.
Successful PCR amplification of viral DNA using BHV-4-specific primers was accomplished in all 5 cases where it was attempted. The heminested approach appeared to be the most reliable PCR assay with these viral strains, as all 5 viral isolates and the control sample were positive (Fig. 3) . The PCR using the other 3 primer sets were positive but less consistent (data not shown). The PCR assays using bovine adenovirus-specific primers were uniformly negative.
It could not be definitively determined whether BHV-4 was a primary infection or was secondary to bacterial endometritis, but its presence in 9 cases from the same dairy suggests communicability. Although A. pyogenes and E. coli may be considered primary pathogens, in these 15 cases, they may represent opportunists. Endometrial ulceration in these cases was extensive and often encompassed the entire mucosa of both horns. The accompanying mucosal inflammatory infiltrate was often only mild to moderate and multifocal in uteri up to 2 weeks postpartum. The severe degeneration and necrosis noted in the remaining (and usually adjacent) intact luminal epithelium was more typical of viral than of bacterial infection. Epithelial necrosis is not typically associated with minimal to mild bacterial endometritis and suggests the possibility of a complicating factor or pathogen. The inflammation was generally more severe in uteri over 18 days postpartum, and these often had visible bacterial colonies. Both E. coli and A. pyogenes are commonly isolated from cases of bovine endometritis and frequently occur in the postparturient period. They can induce mild to moderate infiltrates of neutrophils in the superficial endometrium with accumulations in the lumina and frequently large accumulations of lymphocytes and plasma cells in the stroma around vessels. 11, 12, 16 Over time, neutrophils gradually are replaced by mononuclear cells until resolution. 11, 12, 16 Both of these organisms would be expected to respond to therapy with early diagnosis, 16 but cases noted here were unusually resistant to antimicrobial treatment. Similar bacterial species and resistance to therapy have been associated with BHV-4 in cases of endometritis in Europe. 27 Previous experiments have indicated that BHV-4
can be a primary uterine pathogen. 28 After BHV-4 inoculations of dairy cattle in Belgium, all cows developed ulcerative postpartum metritis regardless of the time interval from inoculation to parturition and independent of any experimental or incidental bacterial uterine infection. 28 The postparturient timing and localization to the uterus of our 15 cases would also tend to suggest postpartum endometrial tropism of the virus. Reported histologic lesions from both natural and experimental cases of BHV-4-associated metritis in Europe vary greatly in severity depending on the strain of BHV-4 [5] [6] [7] 19, 28 but are similar to those noted in the Georgia cases. Lesions have included mild to severe endometritis and myometritis characterized by suppurative or mixed mononuclear infiltrates in the superficial lamina propria immediately under the surface endometrial endothelium. [5] [6] [7] 19, 27, 28 Macrophages, lymphocytes, and plasma cells have all been found in moderate numbers in mild lesions, but in severe cases, neutrophils have been the predominant inflammatory cell type. Necrotic cells and neutrophils have also been described within scattered endometrial glandular lumens in some cases. 5, 7, 28 Focal areas of severe, acute endometrial necrosis with necrosis and thrombosis of arterioles has also been reported but with paradoxically few granulocytes. 19 Intranuclear Cowdry Type A inclusions have been noted in a few instances. 5 Clinical metritis was found as early as 3 days postpartum in Georgia cases, but diagnosis at necropsy was made prior to 24 days postpartum. Similar timing was noted in cases of endometritis in Belgium associated with BHV-4, and maximum viral titers in experimental cases were found at 22 days postinoculation. 10, 27 Bovine herpesvirus-4 has not been successfully isolated from the uterus of calves or heifers despite viral isolation from cows in the same endemic herds. 27 The reasons for the apparent postparturient endometrial tissue tropism is unclear, but it is likely that factors present during the period immediately following parturition increase susceptibility of the endometrium to viral infection. This could involve endometrial damage from parturition or bacterial metritis, suitable postparturient microenvironment (pH, salinity, proteinic debris, etc.), or immunosuppression associated with calving or hepatic lipidosis. 3, 26 Immunosuppression is an interesting candidate as an essential cofactor in BHV-4 endometrial infection, given parturient glucocorticoid release. 26 Reactivation of latent BHV-4 infection has been demonstrated in bulls and calves following dexamethasone administration. 9 Leukopenia was also noted in a cow in this study, and low white blood cell counts have been previously reported with BHV-4 in Belgium. 27 Persistently BVD-infected cows are frequently immunocompromised, 22 and 4 of the cows in this report had positive BVD FA, immunohistochemistry, or (in 1 case) positive BVD isolation. Characteristic histologic lesions of BVD were not found in the intestine or lungs of any of the 4 cows, so it is unknown if any of these cows were actively or persistently infected. It therefore could not be established if BVD had any synergistic effect in these cases. In a previously reported abortion case from the United States, a fetus was coinfected with both BHV-4 and BVD. 23 Bovine herpesvirus-4 is extremely labile, slowly adapts in cell culture, and in general is very difficult to isolate. 19 An obscure cytopathic effect has been described, but distinct cytopathic foci are rarely observed and syncytia are absent. 5, 19 Strain differences between Movar 33/63 and DN 599 in their ability to grow in different types of cell culture have been demonstrated, 17 and other distinct isolates have been found based on genotypic differences. 7 Certain strains appear to have a preference for bovine arterial endothelial cells. Madin Darby bovine kidney cells were routinely used in these experiments since they have been commonly used for BHV-4 propagation. 17 These factors could explain why attempts at virus isolation failed in many cases. In addition, several of the severely ulcerated uterine samples were devoid of huminal epithelium, thereby limiting the number of potentially virus-positive cells. Bovine herpesvirus-4 has a longer replicative cycle than many other viruses. The BVD can therefore overgrow and dominate BHV-4 in cell culture and produce different cytopathic effects, masking BHV-4 in dual infections. This probably occurred in case 3. In 2 cases, we were unable to isolate virus from the uterus but were successful when sampling the cervix. Histologic examination of the cervix and vagina in these 2 cows demonstrated inclusion bodies in 1. This indicates the necessity of sampling distal as well as proximal reproductive tract when BHV-4 is suspected.
Multiple viruses, including other bovine herpesviruses and adenoviruses, may cause intranuclear inclusions in epithelium and endothelium. 1, 4, 18 Bovine adenovirus was originally considered as a possible differential in some of the early cases. The BHV-4-infected tissues apparently cross-reacted (albeit weakly) with anti-BAdV subgroup 2 antibodies in multiple fluorescent antibody assays. Since cultured virus did not react with known BAdV serotypes in neutralization assays, the possibility of a new distinct BAdV isolate was considered as a possible cause for the syndrome. Currently, there are 10 types (species) of adenoviruses in cattle (BAdV-1 to Ϫ10). 1, 15 The subgroup 1 BAdVs (BAdV-1 through Ϫ3 and Ϫ9) belong to the Mastadenovirus genus and the subgroup 2 BAdVs have been assigned to the new Atadenovirus genus within the Adenoviridae family. 1 The BAdV-10 does not clearly fit into either subgroup. 15, 18 The amphophilic intranuclear inclusion bodies observed in tissues from most of these cows were consistent with adenoviral inclusions. Both endothelial and epithelial tropism are associated with BAdV infection. 18, 21 The size range of adenoviruses (70-90 nm in diameter) is also consistent with that noted in these cases, and both viruses have icosahedral symmetry with scattered nonenveloped virions observable in the cytoplasm. 15, 18, 21 Infectious bovine rhinotracheitis virus (IBR/BHV-1) and other bovine herpesviruses tend to have nucleocapsid diameters closer to 100 nm. In addition, herpesvirus nucleocapsids typically acquire envelopes as they are released into the cytoplasm. Bovine herpesvirus-4 is atypical in this respect, even for a gammaherpesvirus. However, other distinct endotheliotropic herpesviruses with nucleocapsids of 80-90-nm diameter have recently been described in elephants. 24 Detailed ultrastructural examination of virus in our cases demonstrated enveloped as well as naked cytoplasmic virions and morphologic features characteristic of BHV-4 rather than BAdV. Definitive diagnosis of BHV-4 was possible after PCR results demonstrated characteristic 130-bp bands using BHV-4specific primers and no bands visible on electrophoretic gels using adenovirus-specific primers.
Since the lesions noted in these cows closely resemble those previously reported in Belgium and since other North American strains such as DN-599 have not been associated with this syndrome, it is possible these cases are caused by a BHV-4 strain similar to the Belgian isolate. Sequencing of PCR products is in progress. Unfortunately, little is known of disease course or treatment, and none can be inferred from the cases presented here. First contact with BHV-4 does not induce effective immunity, 28 and neutralizing antibodies have not been demonstrated. 9 If secondary bacterial infections are controlled, most cows will probably recover without serious consequences, but there is a probability of persistent infection. In most of the cases in this report, death was due to other factors such as hepatic lipidosis, hypocalcemia, or abomasal impaction. One of the cows developed bacterial septicemia and secondary embolic abscessation, so sepsis should be considered a potential sequela. The true incidence of BHV-4-associated endometritis in United States dairies is unknown. Diagnosis of BHV-4-associated endometritis can be a diagnostic challenge and BHV-4 will likely only be detected in the few cows that are biopsied or in those necropsied for other reasons. Two of the dairies in this report had multiple animals diagnosed with BHV-4 at postmortem, and 1 dairy accounted for 9 BHV-4-infected cows. With a history of multiple cases within the same Georgia herds, experimental evidence of intermittent viral shedding in milk, saliva, and semen, 8, 9, 19, 27 and the probability of prolonged latent infections, 5, 9 there is a risk of epizootic or enzootic disease and transmission throughout a herd. Molecular characterization of viral isolates and experimental inoculation of bovine uterus should help determine if this strain of BHV-4 is related to known serotypes and if it requires bacterial coinfection and/or immunosuppression as cofactors in disease expression.
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Preventing the transmission of the disease through culling practices relies on the ability of a test to accurately identify infected animals.
The currently accepted diagnostic test for T. foetus is direct microscopic examination following culture in any of a number of described media. Samples are collected from the prepuces of bulls or vaginas of cows.
The key morphological features of T. foetus and the characteristic rolling motion of the live organism in culture have been described. 2, 10, 14 Correct diagnosis of T. foetus infection depends on proper collection and sample handling, use of appropriate growth media, and correct identification of the organism by microscopic examination. In samples where growth is adequate, it
